ABSTRACT | This paper presents a review of existing works and solutions in the field of solar/electromagnetic energy harvesting and wireless power transmission. More specifically, the paper covers: solar/electromagnetic harvesters where solar antenna structures are used to obtain a compact implementation, direct current (dc) combining circuits necessary to combine the outputs of the solar and the electromagnetic harvesters, and efficient solar-to-electromagnetic (EM) converters that can be used to synthesize autonomous wireless power transmission radio-frequency (RF) signal generators. Finally, novel topologies to minimize the sensitivity of rectifier circuits to variations in the received RF power levels are presented.
I. INTRODUCTION
In the recent years, there has been an increased interest in providing autonomy and self-sustainability to devices and sensors toward implementing concepts such as the Internet of Things (IoT), smart cities, and smart environments in general [1] - [3] . Energy-harvesting technologies appear as an alternative to provide this autonomy, collecting energy from different types of sources such as solar, thermal, kinetic, or electromagnetic (EM) and converting it to direct current (dc) power. However, the amount of available energy from theses sources is variable and sometimes unpredictable which conditions the conversion efficiency that can be obtained and the amount of dc power that is available. In this context, the use of hybrid energy harvesters, which can collect energy from more than one energy source, seems a manner to overcome this limitation. Several works have considered the use of hybrid energy harvesters to obtain the required dc power to operate certain platforms or devices [4] - [8] , such as solar/EM [4] , [5] , vibration/solar [6] , solar/thermal [7] , and solar/thermal/vibration [8] hybrid harvesters.
In the case of EM energy harvesting, another measure that can be taken into account to overcome the problem of unpredictable power levels that may affect radio-frequencyto-direct-current (RF-dc) conversion efficiency is to use topologies in the rectifier circuits that minimize the effect of these variations. Rectifier circuits are usually designed to operate for specific conditions in terms of input power level and loading conditions. Thus, a deviation from the nominal operation results in degraded performance.
Although the rectifier is designed to operate efficiently for a specific amount of harvested power, the available power in the environment is variable. Such a change results in impedance variation due to the nonlinear nature of the rectifying devices. The same applies for the load variations. As rectifiers are fundamental circuits for energy-harvesting applications, their reduced sensitivity on the system operating conditions will result in an improved performance of the total harvester. In order to alleviate the problem of impedance changes, special consideration should be paid for the design of the matching network placed between the RF source and the diode.
A solution to reduce the load sensitivity of the rectifier has been introduced in [9] where resistance compression networks (RCNs) are used. These RCNs are used as matching network in rectifier circuits, placed between the input signal and the rectifying device. So far, RCNs that operate at a single frequency have been proposed. Since ambient energy is available in many frequency bands, the design of multiband and broadband rectifiers is of great importance. Thus, the design of RCNs operating at different frequencies is a major challenge. Recently, the concept of dual-band RCNs has been introduced [10] .
Finally, the use of wireless power transmission can also be considered in order to ensure enough dc power [11] - [19] . An autonomous manner to achieve RF power transmission is the use of solar-to-EM converters that take available solar energy and use it to generate RF signals to be used to power up sensors or devices that are equipped with an EM energy harvester or rectifier circuit [17] - [19] .
In this paper, all of these topics will be covered. Section II shows several examples of solar/EM energy harvesters, focusing on achieving a compact implementation by using solar antennas, and also the design of the dc combining circuits necessary in any hybrid solar/EM harvester. Section III focuses on solar-to-EM energy converters for wireless power transmission. Finally, Section IV covers the topic of sensitivity reduction in rectifier circuits toward minimizing the effect that variations in the available RF power or in the output load may have on the RF-dc conversion efficiency.
II. HYBRID SOLAR/EM ENERGY HARVESTING
EM harvesters are designed to achieve a certain RF-dc conversion efficiency for a range of RF input power levels. However, the levels of available EM energy in the environment are variable and sometimes unpredictable, which causes the RF-dc conversion efficiency to degrade, and consequently the obtained dc power is insufficient.
An alternative to overcome this problem is the use of hybrid energy harvesters where the energy from different energy sources is collected. Then, the dc outputs of the different harvesters are combined to provide the necessary dc power. An example of this is the hybrid solar/EM harvester [4] , [5] , where the energy is collected both from solar energy by means of solar panels and from EM sources by means of rectenna elements. In order to obtain a compact design of these types of hybrid solar/EM harvesters, the integration of the solar cells together with the EM harvester antenna structure is of key importance.
A. Solar Antennas
In order to obtain a compact integration of the hybrid solar/EM harvester it is possible to integrate the solar panels on top of the radiating structure that will be used in the EM harvester. It has been previously shown [20] - [26] that it is possible to minimize the effect that the solar cells have on the antenna performance by properly selecting the position of the solar cells within the antenna surface. If the solar panels are placed in areas where the field distribution is weaker, the effect they have can be minimized. This concept appeared first in the field of satellites as a manner to reduce the size of the satellite systems by integrating together the antenna arrays and the solar panels [20] , [21] . In [21] , an X-band solar reflectarray formed by cross-dipole elements was developed where the radiating elements were placed on top of the solar panels. A 2.2-GHz solar patch antenna was proposed in [20] , where the solar cells were placed avoiding the edge of the patch radiating element to minimize the effect of the solar cell on the antenna performance. A wearable aperture coupled shorted patch solar antenna operating in the 900-MHz industrial-scientific-medical (ISM) band was presented in [22] where the dc connection of the solar cells was placed on the side of the antenna where the patch was shorted to minimize the effect these connections may have on the antenna performance. In [23] , both linearly and circularly polarized solar slot antennas were presented showing that the antenna performance is preserved by properly placing the solar cells avoiding the areas surrounding the slot where the field distributions are stronger. In [24] , two UWB solar antennas operating in the 3.1-10.6-GHz frequency band were designed to provide autonomy to a system of wireless sensor nodes. Also in [25] , a 3-D solar omnidirectional antenna structure based on radiating slots operating at 2.4 GHz was presented where the solar cells are placed to avoid the area occupied by the slots.
A broadband solar printed monopole antenna operating from 800 MHz to 6 GHz ( Fig. 1 ) was presented in [4] and [5] to be used in a hybrid solar/EM energy harvester (see Section II-B). The radiating structure was fabricated using flexible polyethylene terephthalate (PET) substrate, and the feed was implemented in coplanar waveguide (CPW) technology. The selected solar cells were flexible thin film amorphous silicon (a-Si) solar cells (Power Film SP3-37) with open circuit voltage of V OC ¼ 4.1 V and short circuit current of I SC ¼ 28 mA, when illuminated by the standard global solar irradiance spectrum corresponding to air mass 1.5 (AM1.5 G) also known as 1 sun ¼ 100 mW/cm 2 . Their location on the antenna surface was selected by means of electromagnetic simulations in order to select the areas of the antenna where the field distributions were weaker targeting to minimize the effect of the solar cell on the antenna performance. Fig. 1(b) shows the measured results of the fabricated antenna structure of Fig. 1(a) showing that the input matching of the antenna is not affected by the solar cell presence. The gain of the antenna is only slightly affected by the presence of the solar cell, and the main effect is an increase in the cross-polarization levels [4] .
The work in [26] showed a substrate integrated waveguide (SIW) solar cavity-backed slot antenna ( Fig. 2 ) that was used as part of a hybrid solar/EM harvester to power up a sensor platform. In this work, a-Si solar cells are placed avoiding covering the area surrounding the slot in order to reduce the effect on the antenna performance.
B. DC Combining Circuits for Hybrid Harvesters
One of the key components toward designing and implementing hybrid energy harvesters is the dc combining circuits that are required to add up the obtained dc outputs from the different harvesting units.
Several works [27] - [29] have shown different alternatives to combine the dc outputs focusing mainly on the combination of rectenna dc outputs. In [27] , a reconfigurable dc combining circuit is presented that aims to combine either in series or parallel the dc outputs of rectenna array elements. This work also shows the importance of considering the variation in the optimum output load to be used attending to the dc combining circuit configuration and how this can affect the rectification efficiency. Also, in [28] and [29] , the authors demonstrated the degradation that the combined dc outputs can suffer when connecting unequal rectenna elements and how by properly selecting the connection scheme this degradation can be minimized.
In [26] , a dc combining circuit that combines the dc outputs in a hybrid solar/EM energy harvester is presented. This dc combining circuit integrates both a 2.45-GHz RF-dc converter necessary for the EM harvester and the additional circuitry required to combine the output of the solar cells and the output of the EM harvester. The schematic of the proposed dc combining circuit is shown in Fig. 3 .
Depending on the solar irradiance values, the loading effect that the solar cells have on the dc combining circuit varies. This variation produces changes in the input matching of the complete dc combining circuit. As the dc combining circuit includes the RF-dc converter for the EM harvester, these variations in the input matching are undesirable as they affect the RF-dc conversion efficiency that can be obtained. The combining circuit is designed aiming at minimizing the variations in the input matching under changing conditions of irradiance, by using two parallel rectification branches. Fig. 4 shows the measured dc output voltage of the combining circuit for different irradiance values and for two different RF input power levels (0 and À3 dBm). For   Fig. 2 . SIW solar cavity-backed slot antenna (after [26] ). Fig. 3 . Schematic of the dc combining circuit after [26] . ambient light conditions (low irradiance values) the effect of increasing the RF input power level can be clearly seen and the contribution of the EM harvester to the dc output is comparable to that of the solar cells. However, in the case of higher irradiance conditions, the main contribution to the dc voltage comes from the solar cells and the increase in the RF input power level does not significantly reflect in the obtained dc voltage. These results show that for low RF input power levels the use of the hybrid solar/ EM is more suitable under low irradiance conditions, while if the irradiance is high, the hybrid harvester could just be operated as a solar harvester.
C. Hybrid Solar/EM Energy Harvesters
The efficiency of the hybrid solar/EM harvester in [26] when operating simultaneously with an RF input signal and considering that the solar cells are illuminated is evaluated using
where P dc is the output dc power of the dc combining circuit, P RF refers to the RF input power level, and P solar is the dc power obtained from the solar cells. This P solar is calculated by measuring the voltage drop at the solar cell terminal and the current passing through it considering different irradiance conditions and different levels of RF input power.
In Fig. 5 , the measured combined dc output power and efficiency for different operation conditions in terms of irradiance and RF input power levels (2.45 GHz) are presented. As expected, when both solar and EM energies are present, it is possible to obtain higher values of dc output power. However, the dc combining circuit efficiency is better for higher values of irradiance and no RF signal present. As also shown in Fig. 4 , the harvester should operate in the hybrid solar/EM mode only when there is not enough light and there is a demand of dc power. However, if there is enough light, it is more efficient to only operate in the solar harvester mode.
Another example of a solar/EM harvester design was presented in [4] and [5] . The proposed harvester (Fig. 6 ) is a dual-band hybrid solar/EM energy harvester that uses the solar antenna in Fig. 1 and that harvests RF signals in the GSM-850 and GSM-1900 frequency bands. The complete harvester is implemented in PET substrate, which together with the flexible a-Si solar cell allows achieving a conformal harvesting structure. The harvester is designed to maximize the RF-dc conversion efficiency in the two frequency bands (850 and 1850 MHz) obtaining efficiency values around 15% for À20-dBm input power levels.
The performance of the EM harvester is evaluated for different illumination conditions of the solar cells. 
III. SOLAR-TO-EM ENERGY CONVERSION
As was already mentioned, solar energy can provide higher levels of harvested dc power if compared to EM sources. This fact can be used to obtain additional sources of EM signals when there is availability of solar light but limited EM signals in the environment.
The idea of solar-to-EM energy conversion has been broadly covered in the field of solar power satellites [11] - [16] aiming at collecting solar energy by means of large solar panels integrated on satellites in orbit and then convert it to EM energy that can then be radiated to Earth or to other satellites where it can be converted back to dc.
On a smaller scale, it is possible to use solar-to-EM converters to generate EM signals that can be used as RF generators for wireless power transmission applications. Solar-to-EM converters take solar energy by means of solar panels and use the obtained dc power to generate EM signals by powering up certain frequency generation circuits such as oscillators.
In [17] , a solar-to-EM converter based on a class-E oscillator was presented (Fig. 8) . Amorphous silicon (a-Si) solar cells (Power Film SP3-37) were used to capture the solar energy and provide the necessary dc power to start up a high-efficiency 905-MHz class-E oscillator. The generated 905-MHz signal was then transmitted by means of a monopole antenna.
The converter design was optimized for low illumination conditions by connecting three pieces of the SP-37 solar cells in parallel to maximize the generated currents. The created solar cell module has an open circuit voltage of 1.7 V and a short circuit current of 84 mA under 1 sun irradiance. The measured dc-RF efficiency was of approximately 43% when the oscillator was biased at V c ¼ 1.5 V and I ¼ 3.2 mA.
The dc-RF efficiency was calculated using
where P RF is the RF output power of the oscillator circuit and P dc ¼ V c Â I c . In [18] and [19] , a solar-to-EM converter was presented (Fig. 9) , where the radiating element is a coplanar The obtained dc voltage from the solar cells is used to power up an oscillator circuit in the 900-MHz frequency band that requires 1.5 V of drain voltage with 6-mA current to operate. A linear LT1763-1.5 regulator is used to deliver a stable supply voltage to the oscillating circuitry. The regulator takes at its input a minimum voltage of 1.8 V, providing at its output a fixed 1.5-V voltage and can provide up to 500 mA of current with 300-mV dropout voltage. The solar cells are connected to the regulator input through two Schottky diodes (Skyworks SMS7630-079LF) in order to isolate them and minimize the effect of imbalances between them in terms of provided voltage.
Two versions of the solar-to-EM converter were proposed in [18] and [19] , where one of them was implemented in PET substrate by using a conventional milling fabrication process and the second one was inkjet printed on paper substrate.
IV. RESISTANCE COMPRESSION NETWORKS
In [9] , rectifier circuits that achieve a reduced sensitivity to load and input power variations have been introduced. These circuits are based on the so-called RCNs [9] . An RCN is formed by two branches that exhibit opposite phase responses ( and À, respectively) at the operating frequency [ Fig. 10(a) ]. Under these phase conditions, the input impedance of the RCN ðZ in Þ suffers small variations under large variations of the real load values ðR L Þ.
In rectifier circuits, changes in the output load or changes in the input power produce changes in the input matching of the rectifying device (usually a Schottky diode). These changes in the input matching can produce degradation on the circuit performance. RCN can be used as the matching network in rectifier circuits. If properly designed, these networks are able to achieve resistance compression and additionally impedance transformation.
So far, different implementations of RCNs according to the application scenario and/or the desired frequency have been reported [9] , [30] .
The concept of resistance compression has already been applied to the design of electronic circuits operating at low RF and microwave frequencies. In [9] , an RCN is applied for the design of a 100-MHz dc-dc converter demonstrating the reduced load sensitivity of resonant dcdc converters. A high-efficiency resonant dc-dc converter based on an RCN is also presented in [31] . The isolation resistor of a matched combiner has been replaced by a Fig. 9 . CPW folded slot solar-to-EM converter: (a) PET implementation; (b) inkjet printed on photopaper implementation (after [18] and [19] ). rectifier based on RCNs in [32] . Also, the resistancecompressed rectifier can contribute to the high efficiency and linearity of an outphasing energy recovery system, as shown in [33] , where a transmission-line-based impedance compression network (ICN) is presented. The ICN is applied for the design of a harmonically terminated rectifier operating at 4.6 GHz [33] . The circuit is implemented with and without ICN in order to demonstrate the improved performance obtained with ICN in an outphasing system.
A. Dual-Band RCNs
As stated before, the operating principle of an RCN is that equal and opposite phase responses ( and À) are present in each of the branches that form an RCN at a certain operating frequency. This way large variations in the load R L do not produce large variations in the input matching ðZ in Þ of the circuit [9] , due to the compression performed by the RCN [ Fig. 10(a) ]. The desired compression is usually achieved using one capacitor ðCÞ and one inductor ðLÞ for each of the branches. When operating at the resonant frequency ð! ¼ ffiffiffiffiffiffiffi LC p Þ, the input impedance of the network ðZ in Þ varies a small amount for large variation of R L [9] .
In the case of a rectifier circuit,R L is substituted by Z L that corresponds to the input impedance of the rectifying device [ Fig. 10(b) ]. Additionally, if dual-band resistance compression is desired, the structure shown in Fig. 10(c) can be applied [10] . The goal for the design of the dualband RCNs is that equal and opposite phase responses (À 1 and 1 = 2 and À 2 ) are met at the two branches when the circuit operates at each of the frequencies f 1 and f 2 . A dual-band network that fulfills the previously mentioned requirements is in the inductor/capacitor (LC) structure shown in Fig. 11 [34] .
The LC network [ Fig. 11(a) ] and the rearranged LC network [ Fig. 11(b) ] exhibit a dual-band frequency response at the frequencies f 1 and f 2 , where f 1 G f 2 . When the network in Fig. 11(a) operates at f 1 , the series inductance ðL R Þ and shunt capacitance ðC R Þ tend to be short and open, respectively. Likewise, when operating at the high frequency f 2 , the series capacitance ðC L Þ and shunt inductance ðL L Þ tend to be short and open, respectively.
The most important feature of this structure is the phase response that is achieved at the desired frequencies. In particular, the LC network in Fig. 11 (a) has a negative phase ðÀ 1 Þ for the low operating frequency ðf 1 Þ and a positive phase response ð 2 Þ for f 2 . The rearranged unit cell of Fig. 11(b) depicts equal but opposite phase responses at the two frequencies. Table 1 summarizes the phase response of the unit cells.
Taking advantage of the phase properties of the unit cells, a dual-band RCN can be designed at f 1 and f 2 . As an example application, a dual-band resistance-compressed rectifier for energy-harvesting applications is designed and [10] . Two unit cells are used as the impedance matching network that compresses the resistance variation between the diode of the rectifier and the input signal. The selected frequencies for this application example are 915 MHz and 2.45 GHz.
B. Performance Results
An RCN-based dual-band (915 MHz/2.45 GHz) rectifier is designed and experimentally validated in [10] . Fig. 12(a) shows the schematic of the designed rectifier with a two diode topology. The SMS7630 Schottky diode is used for the current design. Two identical LC networks [ Fig. 11(a) ] are used at the upper branch, and two identical rearranged LC networks [ Fig. 11(b) ] are placed at the lower branch in order to exhibit the appropriate phase response at f 1 and f 2 . For this design, two LC sections such as the ones in Fig. 11 have been used in each of the branches in order to provide more flexibility during the design phase. The rectifier circuit is designed to be matched to a 50-source. The circuit is designed using harmonic balance (HB) and large signal scattering parameter (LSSP) analysis in Agilent ADS software. Optimization goals are imposed in order to achieve the impedance matching and to maximize the RF-dc conversion efficiency of the circuit.
The optimization process resulted in the following component values for each LC unit cell:
and L L ¼ 100 nH. The shunt capacitance of 0.8 pF is implemented as a radial stub. The selected chip inductors and capacitors are from Coilcraft (the United States) and Murata (Japan), respectively. The selected optimum output load is 1 k. The prototype is fabricated in Arlon 25N substrate (30 mil) with a relative permittivity of 3.38 and loss tangent of 0.0025.
The performance of the designed RCN-based rectifier is compared to that of a conventional dual-band rectifier based on an envelope detector topology (Fig. 12 ) and using the same Schottky diode SMS7630. Both circuits are optimized for maximum RF-dc conversion efficiency at 915 MHz and 2.45 GHz. A comparison of the proposed rectifier with the conventional approach is presented in Fig. 13 . An efficiency improvement in the RCN-based rectifier can be observed as well as less variation in the efficiency versus load and input power variations.
The final implemented prototype of the RCN-based rectifier is shown in Fig. 14 . The simulated and measured RF-dc conversion efficiency of this dual-band rectifier for an input power ofÀ15 dBm and an output load of 1 k is illustrated in Fig. 15 , demonstrating a good match between simulation and measurements. Fig. 16 shows the RF-dc conversion efficiency and the output dc voltage of the implemented circuit versus input power and versus output load variations, at the two frequencies with peak measured efficiencies in Fig. 15 , to demonstrate that the RCN allows reducing the effect of these two parameters on the circuit performance. In Fig. 16 , the simulations for the RF-dc conversion efficiency versus input power are not included due to inaccuracies in the diode model for high input power levels.
V. CONCLUSION
This paper covers the topic of hybrid solar/EM energy harvesting, where both solar and electromagnetic energy sources are considered, for its use in environments or applications where the levels of available energy are variable or unpredictable. As a manner to create compact solar/EM harvesters, the use of solar antennas where the solar panels share the same area as the radiating element is of key importance. Several examples of solar antennas and solar/EM harvesters are presented in this paper. Examples of the required dc combining circuits in hybrid energy harvesters to combine the dc outputs for the different harvesting units are also discussed.
Additionally, solar-to-EM converters where solar energy is used to power up frequency generation circuits that synthesize EM signals to be used as wireless power transmitters are covered in this paper, as well as the use of rectifier topologies that minimize their sensitivity to input power and load variations based on the use of RCN. h
